A line of transgenic mice was isolated in which transgene integration had caused a deletion in the gene encoding monoamine oxidase A, an enzyme that degrades serotonin and norepinephrine. This has provided an animal model of MAOA deficiency in humans, a condition characterized by borderline mental retardation and impulsive aggression.
Introduction : from HIV to MAOA
Louis Pasteur is reputed to have said that chance favours the prepared mind, but we cannot say that we were really prepared for the monoamine oxidase A (MAOA) KO mice, since they were the result of the fortuitous insertion of a transgene into the MAOA gene of a C3H mouse. The transgenic mice had been created as part of an AIDSdirected gene therapy programme based on the use of an interferon-beta gene. We were, therefore, somewhat annoyed when we noticed abnormal behaviour in some of the male pups, consisting principally of trembling and difficulty in righting ; at weaning they were also somewhat smaller than their normal litter-mates. Adult males housed together showed signs of offensive aggressive behaviour, such as bite wounds on genitals and rump, which we had never seen in our C3H colony. Alterations were also seen in mating behaviour, in that their courtship differed from that of the normal C3H males, and was more violent. It may be of some importance to point out that it was the behavioural characteristics of the animals that made us realize that something was amiss, and that we needed to discover what (see Table 1 ). Indeed, if the altered behaviour, especially the increased aggressiveness, was due to the expression of the transgene, our approach to gene therapy would have been compromised." We knew, of course, very quickly that the transgene was located on the X chromosome, and that only a single copy had been inserted. Inverse PCR with transgene primers gave us the genomic flanking regions, which allowed us to determine Author for correspondence : Dr E. De Maeyer, Institut Curie, Orsay 91405, France. Tel. : 33-2-38391432 Fax : 00-33-2-38391432 E-mail : Edward.Demaeyer!curie.u-psud.fr that transgene integration had caused a genomic deletion, which later turned out to encompass about 17 kb. The flanking regions and the deleted region were then mapped to a 3 million bp X-chromosomal region, containing several genes, among which were the MAOA and MAOB genes.
Then we had a stroke of luck : in an issue of Science (22 October 1993) a paper by Brunner et al. appeared describing a deficiency in MAOA activity, due to a point mutation, in a Dutch family in which several males are affected by a syndrome of borderline mental retardation and abnormal behaviour, including impulsive aggression and sexual violence towards female relatives (Brunner et al., 1993a,b) . The common feature of aggressiveness shared by the human kindred described in the Science paper and by our C3H transgenic males prompted us to investigate the MAOA gene. A fruitful and stimulating collaboration with Jean Shih's group at the University of " Being persistently ' aggressed ' ourselves at Orsay, because of the work with the MAOA KO mice, some explanation as to why virologists should embark on a neurology project may be in order. Obviously, we could not conceal our results and proceed as if nothing had happened. The abnormally behaving transgenic C3H mice were continuously producing interferon-beta, albeit at very low levels ; in the clinic, interferons when administered at high dosage, do sometimes exert effects on the central nervous system, resulting in depression and, exceptionally, suicidal tendencies. Therefore, and in addition to the work summarized in the present paper, we demonstrated that double KO mice, consisting of MAOA KOs into which the IFNAR1 KO null mutation (knockouts for the type I interferon receptor, developed by Michel Aguet in Zu$ rich) was introduced by backcrossing, did not lose their behavioural phenotype. This confirms that the very low amounts of interferon-beta produced by these animals are not involved in their behavioural anomalies, and that our approach to gene therapy was not compromised.
Southern California in Los Angeles allowed us to show the total absence of MAOA-like activity in these mice. This resulted from the fact that of the 15 exons that make up the murine MAOA gene, exons 2 and 3 were missing (Cases et al., 1995) . Thus, we had in our hands an MAOA KO strain on a pure C3H genetic background, rather than the usual mixture of strain 129 plus some other strain. This was a definite advantage for further studies of these mice, especially behavioural analysis.
Neurological and behavioural characteristics of MAOA KO mice
MAOA is the main enzyme that degrades serotonin very early in life ; it also degrades catecholamines, but is not the only enzyme to do so. A second, structurally closely related enzyme, that also degrades serotonin, MAOB, is mainly expressed later in life. The genes encoding both enzymes are closely linked on the X chromosome. As a result of the total lack of MAOA in the brains of MAOA KO pups, an up to 9-fold increase in the amount of serotonin occurs, leading to a behavioural phenotype summarized in Table 1 . During adult life, as a result of MAOB activity, serotonin levels decrease and in 7-month-old mice they become close to normal values (Cases et al., 1995) .
Due to the excess of serotonin, permanent cytoarchitectonic alterations are present in the primary somatosensory cortex of the MAOA KO animals : the (Cases et al., 1996) . Inhibition of serotonin synthesis through the administration of parachlorophenylalanine (PCPA) from the day of birth P0, until P6, prevents the sensory cortex abnormalities, whereas inhibition of catecholamine synthesis does not. We believe that these abnormalities of sensory cortex maturation probably contribute to some of the behavioural characteristics of the MAOA KO mice, although currently we cannot ascertain to what extent.
In MAOA KO mice numerous atypical locations of serotonin can be observed during embryonic and postnatal development. For example, catecholaminergic cells of the substantia nigra and locus coeruleus display transient serotonin immunoreactivity (attributable to serotonin uptake via the dopamine or norepinephrine plasma membrane transporter), as do certain glutamatergic populations, such as the somatosensory thalamic nuclei via transient expression of the serotonin transporter during early development (Cases et al., 1998) .
Adult males are more aggressive than their normal C3H counterparts, as witnessed by the presence of wounded animals when males are housed together, and by a shortened latency for biting attacks in residentintruder tests. Both males and females display reduced activity in the open field test and do not perform as well as normal C3H mice in the beam walking test, probably denoting less efficient somatosensory processing. In the Porsolt swim test, MAOA KO mice, instead of usually floating as normal C3H mice, make persistent attempts to escape. Selective alterations in emotional behaviour are present, such as significantly enhanced fear conditioning, freezing to tone and contextual stimuli, and step-down inhibitory avoidance learning. The female MAOA KO mice display normal species-typical maternal behaviours such as nesting, nursing and pup retrieval (Kim et al., 1997) .
More on aggressiveness
When Brunner and his collaborators (1993a,b) published their observations on a Dutch kindred with a new form of X-linked non-dysmorphic mild mental retardation, with aggressive and sometimes violent behaviour in affected males, the existence of a causal relationship between MAOA deficiency and the behavioural phenotype of the affected males was questioned in some quarters. Amongst the arguments used was that the defectiveness of a single gene can hardly be expected to have an effect on complex behaviour. The study of the MAOA KO mice has clearly demonstrated that a non-functional MAOA gene does indeed lead to complex behavioural changes, including more aggressive behaviour. In this regard, the MAOA KO mice ' represent the first murine model of a genetic alteration that appears to facilitate aggressive behaviour in mice and men ' (Hen, 1996) . It does provide convincing evidence that, in spite of the evolutionary distance between the two species, behavioural genetics in mice can be relevant to the human situation.
The enhanced aggressiveness of MAOA KO mice, as measured by resident-intruder tests, can be abolished by treating the animals with ketanserin, which is a 5-HT #A receptor antagonist that also binds with low affinity to VMAT (vesicular monoamine transporter) sites (Shih et al., In Press) . We believe that the explanation for the increased aggressiveness of the MAOA KO mice is at least partly developmental, since we have observed that treatment during the early postnatal period with PCPA results in adult males who behave as normal controls in resident-intruder tests and during courtship.
